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dritic growth of pyramidal neurons in each of the six 1544 Newton Court
Davis, California 95616cortical layers, with distinct effects on apical and basal
dendrites. Furthermore, neurotrophins can stimulate or
inhibit growth of dendrites of pyramidal neurons, de-
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midal neurons undergo an extensive period of apical
dendritic growth and branching, basal dendritic growth
and branching, and axon collateral arborization within
the cortical plate. Each of these processes must be
tightly regulated since the mature axonal and dendritic GABARAP and GABAA Receptorarborizations of pyramidal neurons in the six layers of
Clusteringcortex are exquisitely precise in their laminar specificity.
Currently, it is difficult to create models that explain how
molecular signals can guide all of these complicated
Coyle et al. (2002), in this issue of Neuron, reveal theaspects of neuronal differentiation simultaneously.
crystal structure for the GABAA receptor binding pro-Moreover, pyramidal neurons in each of the six cortical
tein, GABARAP. They show GABARAP can switch fromlayers differentiate at distinct times during development;
a monomer to an extended linear polymer form thatat any particular age during development, deep layer
may function to assemble microtubules during the in-neurons are significantly more well differentiated than
tracellular trafficking or postsynaptic clustering of GA-superficial layer neurons. The next major challenge in
BAA receptors.the field is to elucidate how molecular signals within the
cortical plate at any given time can direct the concerted
differentiation of the highly specific axon and dendritic The cell biological mechanisms that regulate the density
arbors of pyramidal neurons at distinct stages of devel- and localization of GABAA receptors on the surface of
opment across the six cortical layers. Faced with this central neurons influence neuronal excitability. Under-
complexity, it is not surprising that so many molecular standing these processes will be important for deci-
signals, including synaptic activity, have been described phering the steps in synaptogenesis as well as disorders
to regulate pyramidal neuron differentiation in the devel- of excitability such as epilepsy. As with other transmitter
oping cerebral cortex. Ultimately, this large number of receptor systems, proteins associated with the cyto-
molecular players acting in concert may enable cortical plasmic side of GABAA receptors appear to be key play-
dendrites to be exquisitely responsive to changes in ers. One such candidate protein is GABARAP (GABAA
local signals from connected neurons—a capability nec- receptor-associated protein). Coyle et al. (2002) in this
essary not only for the formation of precise neuronal issue and Knight et al. (2001) report the molecular struc-
circuits in the cerebral cortex, but also for activity- ture of GABARAP. Two alternate molecular structures
dependent development and perhaps even adult plas- of this protein, described by Coyle et al. (2002), take us
ticity. a little further along in our understanding of its role in
receptor localization mechanisms.
GABARAP and gephyrin are two tubulin binding pro-A. Kimberley McAllister
teins involved in organizing postsynaptic GABAA recep-Center for Neuroscience
University of California, Davis tors at inhibitory GABAergic synapses. Recent work has
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Table 1. Binding Partners of GABARAP
GABARAP Partner Possible Function of the Interaction
GABARAP (polymerization) Microtubule assembly, GABAA receptor cross-linking
GABAA receptor 2 Selective trafficking and/or clustering of GABAA receptors
Gephyrin Selective trafficking and/or clustering of GABAA receptors
Tubulin Vesicle transport function
NSF Vesicle trafficking
ULK1 Vesicle trafficking
begun to unravel their precise roles in shipping GABAA yeast that are involved in membrane dynamics and vesi-
cle transport. These include a protein called Apg8p/Aut7receptors to and from the cell surface, organizing them
into postsynaptic clusters, and regulating the steady- that is essential for stress-induced autophagy in yeast,
and the mammalian Golgi-associated ATPase enhancerstate receptor density. Gephyrin is concentrated in the
postsynaptic membrane at many inhibitory synapses. of 16 kDa (GATE-16; Okazaki et al., 2000). Both GA-
BARAP and GATE-16 bind the N-ethylmalemide sensi-Gene targeting showed that gephyrin is needed for clus-
tering GABAA receptors that contain the 2 subunit (Ess- tive factor (NSF) (Sagiv et al., 2000; Kittler et al., 2001).
GATE-16 is known to be involved in Golgi traffickingrich et al., 1998; Kneussel et al., 1999). The same geph-
yrin null mice had previously shown that gephyrin is since it activates NSF and binds the Golgi v-SNARE
protein, GOS-28 (Sagiv et al., 2000). Both GABARAP andneeded to cluster glycine receptors (Feng et al., 1998).
Similarly, knockout of the 2 subunit of the GABAA recep- GATE-16 also bind ULK1, an Unc-51-like kinase involved
in neurite extension (Okazaki et al., 2000). All of thesetor prevented postsynaptic clustering of both the recep-
tor and gephyrin (Essrich et al., 1998). Thus, clusters of similarities suggest that GABARAP may be specialized
to recruit GABAA receptors to budding vesicles destinedGABAA receptors may be held together through teth-
ering of the intracellular loop of the 2 subunit to an for the postsynaptic membrane.
The latest development in the GABARAP story comesintracellular membrane scaffold that includes gephyrin.
Another interesting feature of the gephyrin knockout with crystal structures for GABARAP (Coyle et al., 2002;
Knight et al., 2001). Both groups show that the C-termi-mouse was a marked increase in the number of intracel-
lular aggregates of GABAA receptors. This finding points nal domain of GABARAP (residues 27–117) assumes a
shape similar to ubiquitin, consisting of a central, four-to a defect in intracellular trafficking (Kneussel et al.,
1999). While gephyrin binds tightly to the glycine recep- stranded  sheet, with two helices and connecting loops
packed into the concave side. Knight et al. (2001) pointtor (in fact, it was identified as a copurifying protein),
demonstration of its association with the GABAA recep- out that the 3D structure of GABARAP is almost perfectly
superimposable on that of GATE-16. In addition to thistor has been lacking. This led to a hunt for an adaptor
protein that might link gephyrin and the GABAA receptor. monomeric state, Coyle et al. (2002) find that GABARAP
can exist in a second, multimeric conformation (whenYeast two-hybrid screens and subsequent immunopre-
cipitation experiments showed that the intracellular loop crystals are formed under high-salt conditions). While
the shape of the C-terminal domain is largely unchangedof the 2 subunit of the GABAA receptor binds a 17 kDa
microtububule binding protein named GABARAP (Wang between the monomeric and polymeric forms, the N
terminus undergoes a flip. The short N terminus (resi-et al., 1999). GABAA receptors are clustered when coex-
pressed with GABARAP in quail fibroblasts. What’s dues 1–26) includes two helices. In the monomeric state,
it forms a kind of hooked finger, turning back upon themore, when clustered by GABARAP, GABAA receptors
have altered functional properties (Chen et al., 2000). convex side of the C-terminal  sheet. Coyle et al. (2002)
denote this the “closed” configuration. In the open form,These results strengthened the idea that GABARAP
binds and clusters GABAA receptors postsynaptically, the finger (specifically residues 1–10) extends to form a set
of intermolecular  sheet interactions with a patch on thepossibly by linking them to gephyrin and a variety of
other structural and signaling proteins (Table 1). concave side of the adjoining GABARAP molecule. The
N-terminal methionine slips into a hydrophobic pocket.At this point, the story becomes more complicated,
however. Immunostaining of neurons failed to show the Thus, GABARAP forms head-to-tail linear polymers.
Coyle et al. (2002) give us some more clues aboutexpected high degree of colocalization of GABARAP
with synaptic clusters of GABAA receptor. Most synaptic the function of GABARAP. Using turbidity assays, they
provide evidence that GABARAP assembles tubulin intoclusters of GABAA receptor colocalized with gephyrin
aggregates, but only a small minority contained GA- cross-linked microtubules. The spacing of assembled
GABARAP molecules (4 nm) is close to the verticalBARAP (Kneussel et al., 2000; Kittler et al., 2001). At
the ultrastructural level, GABARAP was found mainly on separation of adjacent tubulin dimers within microtu-
bules, leading them to speculate that GABARAP fila-intracellular membranes. In particular, GABARAP was
concentrated at the ends of Golgi stacks where trans- ments might run parallel with microtubules, binding to
assembled tubulin dimers. The crystal structure showsport vesicles bud and fuse (Kittler et al., 2001). How,
then, can the coexpression studies be reconciled with that residues previously implicated in binding the intra-
cellular loop of the GABAA receptor are on the oppositethis localization of GABARAP in vivo? Membrane traf-
ficking immediately comes to mind. side of the GABARAP molecule from the putative tubulin
binding surface. Thus, a single GABARAP moleculeGABARAP is related in amino acid sequence and 3D
structure (see below) to proteins from mammals and could link the receptor directly to an underlying microtu-
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Selected Readingbule in the cytoplasm. The spacing of adjacent GA-
BARAP molecules in its polymerized form could con-
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linear packing density of one every 4 nm, a higher density
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the plasma membrane. Coyle et al. (2002) point out that and Sanes, J.R. (1998). Science 282, 1321–1324.
if some of the GABAA receptors within the cluster con- Kittler, J.T., Rostaing, P., Schiavo, G., Fritschy, J.-M., Olsen, R.,
tained two 2 subunits, these could serve as nodes. Triller, A., and Moss, S.J. (2001). Mol. Cell. Neurosci. 18, 13–25.
However, many different microtubule cross-linking pro- Kneussel, M., Brandstatter, J.H., Laube, B., Stahl, S., Muller, U., and
teins might conceivably fulfil this role. Betz, H. (1999). J. Neurosci. 19, 9289–9297.
The notion that GABARAP is involved in trafficking Kneussel, M., Haverkamp, S., Fuhrmann, J.C., Wang, H., Wassle,
and/or clustering of GABAA receptors largely depends H., Olsen, R.W., and Betz, H. (2000). Proc. Natl. Acad. Sci. USA 97,
8594–8599.upon its reported ability to bind to the GABAA receptor.
Knight, D., Harris, R., McAlister, M.S.B., Phelan, J.P., Geddes, S.,Based on yeast two-hybrid analysis, Wang et al. (1999)
Moss, S.J., Driscoll, P.C., and Keep, N.H. (2001). J. Biol. Chem., infound that GABARAP binds an 18 amino acid peptide
press.within the intracellular loop of the GABAA receptor 2
Okazaki, N., Yan, J., Yuasa, S., Ueno, T., Kominami, E., Masuho, Y.,subunit. Coyle et al. (2002) now provide further evidence
Koga, H., and Muramatsu, M. (2000). Mol. Brain Res. 85, 1–12.for this interaction by studying changes in the intrinsic
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KD in the respectable, low micromolar range. In contrast,
Knight et al. (2001), using an NMR method, were unable
to find any evidence of a specific interaction of the same
18-mer peptide with GABARAP. Clearly, this important Gi Irks GIRKsissue requires further investigation.
What is next? Certainly, the functional significance
of GABARAP’s interactions with its multiple partners
G protein-activated potassium channels (GIRKs),requires clarification. As Coyle et al. (2002) point out,
monitored with the temporal and molecular resolutioncareful application of targeted mutagenesis to GA-
of electrophysiology, play a key role in the study ofBARAP might provide clues. It would also be helpful to
signal transduction. GIRKs are activated primarily byknow whether all of its possible partners (see Table 1)
the G subunits, but a paper by Peleg et al. (2002can bind at the same time and whether the switch be-
[this issue of Neuron]) demonstrates a role for Gtween the open and closed forms of GABARAP pre-
subunits in suppressing basal activity and supportscludes or facilitates particular pairings. The results so far
the idea of a macromolecular complex of G protein,point to GABARAP’s involvement in vesicle trafficking
GIRK, and perhaps RGS protein.at the Golgi and perhaps beyond. Whether GABARAP
serves some particular role in the formation or regulation
of inhibitory postsynaptic membranes is an important More than 80 years ago, Otto Loewi’s experiments with
issue that deserves more study. Perhaps it is still too isolated frog hearts demonstrated the reality of chemical
early to even rule out the idea that GABARAP links synaptic transmission. Loewi showed that a substance
GABAA receptors to gephyrin in the postsynaptic mem- (stoff), capable of slowing or stopping the heart, was
brane. Little GABARAP staining was found in synapses, released when the vagus nerve was stimulated. Others
but it is conceivable that a small, compact protein like identified the vagusstoff as acetylcholine, which upon
GABARAP, if sandwiched between the receptor, geph- binding to atrial muscarinic receptors stimulates them
yrin, and possibly other binding partners, might be inac- to activate a specific population of inwardly rectifying
cessible to the antibody probes used so far. In any case, K channels (now called GIRKs), leading to hyperpolar-
now that we have the structure of GABARAP, we have ization of the myocyte membrane and bradycardia. Neu-
something around which to build an understanding of rotransmitter-activated GIRKs and their currents also
its function. comprise a major mechanism for inhibition in other pe-
ripheral tissues and in the brain.
A landmark in our understanding of signal transduc-
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